Haemophilus parasuis is the causative agent of Glä sser's disease, a systemic disorder characterized by polyarthritis, polyserositis and meningitis in pigs. Although it is well known that H. parasuis serovar 5 is the most prevalent serovar associated with the disease, the genetic differences among strains are only now being discovered. Genomes from two serovar 5 strains, SH0165 and 29755, are already available. Here, we present the draft genome of a third H. parasuis serovar 5 strain, the formal serovar 5 reference strain Nagasaki. An in silico genome subtractive analysis with full-length predicted genes of the three H. parasuis serovar 5 strains detected 95, 127 and 95 strain-specific genes (SSGs) for Nagasaki, SH0165 and 29755, respectively. We found that the genomic diversity within these three strains was high, in part because of a high number of mobile elements. Furthermore, a detailed analysis of large sequence polymorphisms (LSPs), encompassing regions ranging from 2 to 16 kb, revealed LSPs in virulence-related elements, such as a Toll-IL receptor, the AcrA multidrug efflux protein, an ATPbinding cassette (ABC) transporter, lipopolysaccharide-synthetizing enzymes and a tripartite ATP-independent periplasmic (TRAP) transporter. The whole-genome codon adaptation index (CAI) was also calculated and revealed values similar to other well-known bacterial pathogens. In addition, whole-genome SNP analysis indicated that nucleotide changes tended to be increased in membrane-related genes. This analysis provides further evidence that the genome of H. parasuis has been subjected to multiple lateral gene transfers (LGTs) and to fine-tuning of virulence factors, and has the potential for accelerated genome evolution.
INTRODUCTION
Haemophilus parasuis is a Gram-negative bacterium from the Pasteurellaceae family and is the causative agent of Glässer's disease, characterized by fibrinous polyserositis, arthritis and meningitis in pigs. Serovar 5 is frequently associated with virulent H. parasuis strains, but no direct correlation has been found between each serovar and virulence .
Although the knowledge of the evolutionary history of H. parasuis genome is still in its infancy, interesting results have been reported with genotyping techniques such as MLST (Mullins et al., 2013; Olvera et al., 2006) , 16S rRNA gene sequencing (Dewhirst et al., 1992) and analysis of selected outer-membrane proteins (Mullins et al., 2009) . These techniques are rapid and useful for establishing H. parasuis phylogenies and for strain identification, but they do not provide an overview of the evolutionary state of the genome. A more in-depth study was possible when the H. parasuis SH0165 and 29755 genomes became available. Whole orthologous comparisons between H. parasuis and other micro-organisms within the Pasteurellaceae family showed that the swine pathogens H. parasuis and Actinobacillus pleuropneumoniae occupy close positions in this phylogenetic analysis, suggesting that the two species are probably derived from a recent common ancestor (Xu et al., 2011) . In addition, a comparative analysis of monomeric autotransporters from three serovar 5 invasive strains (SH0165, 29755 and Nagasaki) suggested a reductive evolutionary state for these genes (Pina-Pedrero et al., 2012) . More recently, a genome comparison of a H. parasuis serovar 12 strain (ZJ0906) with the serovar 5 strains SH0165 and 29755 showed that gene rearrangements are frequent in this species (Li et al., 2013) .
Studies of genetic differences are crucial for understanding how bacterial genomes evolve (Joseph et al., 2011) and can provide insights into the bacterial adaptation to the host and its immune system (Wilson, 2012) . The specific objectives of this work were to present the draft genome of a third serovar 5 strain, the formal serovar 5 reference strain Nagasaki, and to study the genetic differences among three serovar 5 strains.
METHODS
Genome assembly and annotation. Sequencing and genome assembly were performed as described previously, using a shotgun strategy combining plasmid and fosmid libraries (Costa-Hurtado et al., 2012; Pina et al., 2009 ) and the Phred-Phrap and Consed software tools (Gordon et al., 1998) . The genome of H. parasuis strain SH0165 (GenBank accession no. NC_011852.1) was used for Nagasaki contig fusion. In addition, Nagasaki contigs were mapped with the Mauve contig mover module, using default settings (Rissman et al., 2009) , to the SH0165 genome to check for gene synteny and detection of possible mis-assemblies. Contigs were submitted to the Prokaryotic Genome Annotation Pipeline at the National Center for Biotechnology Information (Angiuoli et al., 2008) . This whole-genome shotgun project has been deposited at DDBJ/EMBL/GenBank under the accession no. ANKT00000000. The version described in this paper is version ANKT01000000. The Nagasaki strain was isolated from the meninges of a pig with a systemic infection by H. parasuis in Japan.
In silico genome-subtraction analysis with predicted proteins: determination of large sequence polymorphisms (LSPs). Genome sequences for strains SH0165 and 29755 were obtained from GenBank (accession no. ABKM00000000.1). Strain SH0165 was isolated from a pig with Glässer's disease in China, and strain 29755 was isolated from a pig with Glässer's disease in the USA. In silico genome-subtraction analysis was carried out with mGenomeSubtractor (http://202.120.12. 132/mGS/), a web-based tool for parallel in silico subtractive analysis of multiple bacterial genomes (Shao et al., 2010) . Using the BLASTP option with a cut-off value of 1 6 10 25 , each predicted proteome was BLASTsearched against the other two strains' predicted proteomes. Settings to define strain-specific genes (SSGs) were the following: identities ¡60 % and matching length/query length ¡70 %, and for core genome identities ¢80 % and matching length/query length ¢80 %. SSGs were confirmed by TBLASTN using the same settings as above (Altschul et al., 1990) . Next, LSPs were manually selected when four or more SSGs were found to be contiguous. Adjacent genes in the 59 and 39 regions of selected LSPs from the Nagasaki strain were verified by mapping against the other two genomes, using BLASTP (Altschul et al., 1990) , TBLASTN and WebACT (http://www.webact.org/WebACT/home). Gene Ontology (GO) terms were retrieved using the InterProScan built-in tool in Blast2GO (Conesa et al., 2005) .
Mobile genetic elements and polymorphic sites analysis. Both core genomes and SSGs were BLAST-searched against the A CLAssification of Mobile genetic Elements (ACLAME) database (Leplae et al., 2004) , the Antibiotic Resistance Genes Database (Liu & Pop, 2009) , the Database of Essential Genes (Luo et al., 2014) , and the Virulence Factors Database (VFDB) (Yang et al., 2008 ) using a value of 1 6 10 25 as the cut-off. Further mining of lateral gene transfer (LGT) was performed using the CodonW tool (v1.4.4 at http://codonw.sourceforge. net/) to calculate the codon adaptation index (CAI) and G+C content for each gene. The CAI was calculated following the method proposed by Wright (1990) . Briefly, putative optimal codons were separately calculated for each strain from all ribosomal-protein-encoding genes, thus assuming that the major codon usage trend is due to selection for optimal translation. Predicted proteins containing incomplete 59 or 39 ends were discarded. DNA-uptake sequences were detected using the Perl program repeat finder developed by Redfield et al. (2006) .
In addition, whole-genome SNPs were analysed with the kSNP tool (Gardner & Hall, 2013) , and membrane localization and signal peptides were predicted for each putative protein using Phobius with default settings (Käll et al., 2004) .
RESULTS

General features of the Nagasaki genome
The Nagasaki strain draft genome was assembled with 34 619 reads (34 Mb), resulting in 47 contigs. The N50 and N90 contig sizes were 122 and 30 kb, respectively. The average and largest contig lengths were 49 and 366 kb, respectively, and the sum of all contigs was 2.3 Mb. Sequencing coverage was 146, assuming a 2.3 Mb genome length. The ends of contigs contained mainly repetitive elements such as transposases, bacteriophages or repetitive sequences within coding regions. G+C content averaged 40 mol%. Automatic annotation of the Nagasaki genome detected 2260 genes, with 40 additional putative pseudogenes, annotated as 'potential frameshifts'.
Genome organization comparison
Whole-genome alignments were performed using Mauve and showed more rearrangements for the Nagasaki strain (Fig. 1a) than for the 29755 strain (Fig. 1b) when both genomes were compared to the SH0165 genome. Although overall synteny conservation was observed among the three strains, numerous gene rearrangements were detected, especially at two highly variable regions located at 600 kb and 1900 kb (Fig. 1) .
A complete comparison of orthologous genes was performed with 2260, 2021 and 2244 predicted genes for the Nagasaki, SH0165 and 29755 strains, respectively. The core genome was composed of 1637 genes (Table S1 , available in the online Supplementary Material), and 95, 127 and 95 genes were confirmed as truly specific for Nagasaki, SH0165 and 29755, respectively (Table S2) . Thus, 4-6 % of the genome content consisted of strain-specific accessory genes. SSGs encoded mainly hypothetical proteins and mobile genetic elements, such as phages, phage-associated proteins, restriction-modification enzymes and transposases. Transposases were especially abundant in Nagasaki, with two annotated transposases among its SSGs. Further manual annotation with the ACLAME database revealed one copy of an IS4 family transposase and 16 copies of an IS256 family transposase, commonly annotated as TnpA. Notably, 12 copies of TnpA were potentially functional, i.e. not truncated.
Comparative genomics of serovar 5 Haemophilus parasuis
This TnpA was further investigated and a full-length copy was found with ACLAME in Yersinia pestis plasmid pG8786 (GenBank accession no. NC_006323.1). Genes directly involved in virulence were also detected (see below).
Competence-related genes, previously reported for the SH10165 strain, comA, comE, comL, comM, pilA, pilB, pilC, pilD and pilF, rec2, tfoX (encoding a Sxy-type regulator), dprA and comEA (Xu et al., 2011) were present in all three strains. In addition, a DNA-uptake signal sequence, ACAAGCGGT, already found in strain SH0165 (Xu et al., 2011) was also detected in the other two strains.
Gene functionality overview
The distribution of gene functional categories in the three strains was analysed using GO terms. Whole-genome comparison of GO 'biological process' term annotations showed highly similar profiles for the three strains studied (Fig. S1 ). Although 40 % of the genes did not have an assigned GO term, the main represented categories observed in the core genome belonged to the terms 'biosynthetic process', 'DNA metabolic process', 'transport', 'catabolic process' and 'translation and response to stress'.
For the core genome, a total of 80 hits to antibiotic resistance genes were found with searches in the Antibiotic Resistance Genes Database (Table S1 ). In addition, among Nagasaki and 29755 SSGs were also detected one (HPNK_00457) and two (HPS_08627 and HPS_10020) additional hits, respectively (Table S2) . Manual inspection revealed genes associated with resistance to macrolides, tetracycline, penicillin and vancomycin, among others. In addition, the VFDB screening showed that the principal virulence factors present within the core genome were ATP ABC/iron transporters, polysaccharide-biosynthesis-related genes and transposases (Table S1 ).
Host adaptation overview: CAI and G+C content
In order to find evidence for host adaptation, the CAI and the G+C content were calculated for all of the predicted 2 000 000 1 800 000 1 600 000 1 400 000 1 200 000 1 000 000 800 000 600 000 400 000 200 000 2 200 000 2 000 000 1 800 000 1 600 000 1 400 000 1 200 000 1 000 000 800 000 600 000 400 000 B. Bello-Ortí and others coding sequences from the three genomes. All three strains had similar G+C content but differed slightly in average CAI, ranging from 0.43 to 0.52. For SSGs, the CAI was lower, 0.4, and the G+C content in SSGs tended to deviate from the average G+C content in the three genomes, suggesting that LGT has taken place in these subgroups of genes. This was further confirmed by BLASTP of unique genes in ACLAME (Fig. 2 and Table S2 ). Remarkably, a G+C content bias (Fig. 3) was observed for genes in LSP_NK4, such as an ABC transporter substrate-binding protein (HPNK_11292) and in LSP_NK5, such as lipooligosaccharide biosynthesis protein lex-1 (HPNK_11756). Unusual G+C contents of 26 and 50 % were also observed for a putative Toll-IL receptor (HAPS_1951 in LSP_SH8) and an AcrA protein (HPS_08627 in LSP_AM2), respectively.
Unique genes and LSPs
Some SSGs were clearly located in blocks of strain-specific LSPs, with a range from 2 to 6 kb, 2 to 16 kb and 2 to 5 kb for the Nagasaki, SH0165 and 29755 strains, respectively (Table  1) . Mapping of LSPs boundaries was performed using WebACT. Mobile genetic elements were always present in LSPs as predicted by ACLAME ( Table 1 ), suggesting that these genome regions are hot spots of genetic rearrangements. Virulence factors were also found in LSPs (detailed below).
The largest LSP (LSP_NK5) in Nagasaki had a length of 5219 bp (Table 1 and Fig. 3a ) and contained various genes involved in LPS synthesis, such as lgtA, rfaJ and lex1 (lex1 was duplicated, with one copy inverted). These genes belong to the glycosyltransferase families 2 (lgtA), 8 (rfaJ) and 25 (lex1). Interestingly, in the other two strains, different genes for LPS biosynthesis were found at the homologous genomic region (Fig. 3a) , as previously reported by Xu et al. (2011) . Both SH0165 and 29755 strains had lpsA (or wzyE), wabH, rfaG, lbgA, rfaF2 and lbgB, which belong to glycosyltransferase families 1 (rfaG and wabH), 9 (lbgB and rfaF2) and 25 (lbgA and lpsA). The G+C content in these LPS-synthesis genes averaged 25 mol% in the Nagasaki strain and 28 mol% in both SH0165 and 29755, percentages that were lower than the mean G+C content in the whole H. parasuis genomes (40 mol% ). Syntenic boundaries were found in LSP_NK5, but two genes, prfB and cmoB, were located at a different genomic position in SH0165. This rearrangement could be explained by the activity of ISAma3 transposable elements next to rpmE and cmoB in SH0165. In addition, a full-length recombinase gene (recG) was located next to rpmE in Nagasaki and was truncated in the SH0165 and 29755 strains. This pseudogene is not annotated in SH0165, whereas it is annotated as a hypothetical protein (HPS_07468) in strain 29755.
LSP_NK4 had a length of 3.8 kb (Table 1 and Fig. 3b ) and was located at the end of a contig. This region contained two ABC transporter subunits: the nucleotide-binding domain abcA and the substrate-binding domain abcS. Three hypothetical proteins (HPNK_11272, HPNK_11277 and HPNK_11282), a thiamine-biosynthesis-related gene (thiF) and a tRNA-Leu were also found in LSP_NK4. The G+C content in the LSP_NK4 region was lower than in the whole genome (26 vs 40 mol%). The upstream syntenic boundaries were defined by an ATPase involved in chromosome partitioning (parA), a hypothetical protein (HPNK_11262) and a truncated IS5 family transposase. The parA gene was disrupted by a frameshift in the SH0165 and 29755 strains, and HPNK_11262 is not annotated in these two strains. Downstream of LSP_NK4, the homologue of HPS_01627 and HAPS_0775, HPNK_02891, was found at the end of a different Nagasaki contig and flanked Fig. 2 . Whole-genome CAI versus G+C content for the three H. parasuis strains studied, Nagasaki (a), SH0165 (b) and 29755 (c). SSGs: strain-specific genes; CAI ave : CAI average for each genome; CAI aveU : CAI average for SSG; G+C ave : average G+C content for each genome. SSGs ACLAME+: SSGs found in the ACLAME database.
Comparative genomics of serovar 5 Haemophilus parasuis by a mobile genetic element. Three additional hypothetical genes were also found in the SH1065 strain (HAPS_0772, HAPS_0773 and HAPS _0774).
Nagasaki LSP_NK3 had a length of 4.2 kb and contained subunits of a putative tripartite ATP-independent periplasmic (TRAP) transporter: dctQ, dctM and dctP (Table 1 and Fig. 3c ). Other genes, dlgD (encoding 2,3-diketo-Lgulonate reductase) and ebgC (cryptic beta-D-galactosidase, beta subunit) were also found in LSP_NK3. The TRAP subunits dctQ and dctM were not found in SH0165 and 29755, and dctP, the third essential TRAP subunit, is truncated in these two strains. The G+C content for the LSP_NK3 region was similar to that in the whole genome (40 mol%). Syntenic boundaries were found for all three strains, with mobAB and icIR at the 59 and sgbK at the 39 end of LSP_NK3. A hypothetical protein (HPS_07855) was found in strains 29755 and SH0165.
Other SSGs not included in the LSPs but related to virulence, as predicted according to the VFDB and ACLAME databases ( 
Polymorphic sites
The genomes of all three H. parasuis strains were scanned for SNPs and 16 235 SNPs were detected, with 12 588 being located in coding regions (Table S3 ). Of these, 3010 were non-synonymous SNPs (nsSNP) that were located in 1232 genes coding for proteins, but with significant differences in abundance among these genes. Because of the poorly conserved sequence of prophages in bacterial genomes, genes annotated as prophages were excluded from further investigation, resulting in a total of 868 genes with nonsynonymous SNPs (nsSNPs). Of those, 120 were annotated as hypothetical proteins. Genes with five or more nsSNP were mainly annotated as membrane-related genes, which were confirmed by Phobius. In descending order by number of SNPs, we found a putative tubulin-binding protein (HAPS_0221, with 18 nsSNPs), the Nagasaki monomeric autotransporter encoded by bmaA2 (Pina-Pedrero et al., 2012) and annotated in SH0165 as 'putative pertactin family virulence factor outer-membrane autotransporter/Type V secretory pathway adhesin AidA' (HAPS_0753, 12 nsSNPs), an outer-membrane lipoprotein A (HAPS_1356, 10 nsSNPs), a monomeric autotransporter bmaA1, annotated as 'putative serine protease' (HAPS_0648, 10 nsSNPs), a neuraminidase nanH (HAPS_1616, 9 nsSNPs) and a cysteine/glutathione ABC transporter membrane/ATP-binding protein (HAPS_ 0224, 7 nsSNPs), among others. We also identified several regulators that contained five or more nsSNPs, such as a tyrosine kinase, chain length regulator in capsular polysaccharide biosynthesis (HAPS_0051, 6 nsSNPs), a transcriptional regulator IclR (HAPS_1810, 6 nsSNPs), a HipA-like protein (HAPS_1822, 6 nsSNPs) and an ATP-dependent transcriptional regulator (HAPS_1001, 5 nsSNPs).
DISCUSSION
H. parasuis is a pathogen whose known host is exclusively the pig. Since H. parasuis comprises clinical and nonclinical isolates, it is expected that different H. parasuis strains are undergoing host adaptations. The low CAI values for the three genomes studied are similar to previously reported CAI values for other pathogenic bacteria including another pig-associated pathogen, A. pleuropneumoniae (Botzman & Margalit, 2011) . CAI values were slightly different among the three H. parasuis strains, suggesting a particular evolutionary state for each strain. In addition, a low CAI suggested that multiple LGT events have occurred recently. It is well known that LGT events can improve bacterial fitness (Gogarten & Townsend, 2005) . Consistent with LGT, the CAI observed for some SSGs was even lower, and their G+C content showed an overall deviation from that of the genome in which they resided, providing H. parasuis serovar 5 strains are frequently associated with Glässer's disease (Cai et al., 2005; Castilla et al., 2012) . However, detailed genetic heterogeneity within a given serovar has not been studied yet at the genomic scale. In silico genome-subtraction analysis is a valuable tool for identifying specific differences in bacterial genomes. The three H. parasuis strains in the present study all belonged to serovar 5, but differences in their predicted proteins and mobile genetic elements were detected. Interestingly, we found that strains from serovar 5 differed in LPS-synthesis genes, suggesting that these genes are not involved in defining serovar traits. The fact that the G+C content in these putative LPS-synthesis genes was lower than the mean G+C content in the whole H. parasuis genomes is indicative of LGT. The synteny of genes surrounding LSP_NK5 indicated that there are preferred regions for integration of foreign DNA, and that different LGT events can affect H. parasuis strains of the same serovar.
LGT of LPS-and capsule-encoding genes have been observed in other bacterial species (Coffey et al., 1991; Patil & Sonti, 2004) , and it has been suggested that the virulenceassociated trimeric autotransporter (vtaA) genes in H. parasuis are also subjected to LGT (Pina et al., 2009) . Mobile genetic elements have been associated with LGT of glycosyltransferases, adhesion-like proteins and ABC transporters among different bacterial species (Lurie-Weinberger et al., 2012) . Transposases or other insertion elements normally flank genes subjected to LGT (Schwendener & Perreten, 2011) . In LSP_NK4, we identified two ORFs related to ABC transporters, flanked by a complete (IS256) and a truncated (IS5) insertion sequence. This suggests that these ABC transporters may be subjected to LGT among H. parasuis strains or even among more distantly related bacteria. Mobile genetic elements, such as transposases and bacteriophages, seem to be playing an important role in modelling the H. parasuis genome. Accordingly, genes prfB and cmoB appear to be subjected to translocation in SH0165, as suggested by the nearby presence of the transposable element ISAma3. The fact that transposases such as TnpA are apparently functional in the Nagasaki strain and truncated in the other strains, and that transposons varied in copy number among the strains indicates that each strain is in a different evolutionary state (Pina-Pedrero et al., 2012) . Moreover, expansion of mobile genetic elements and presence of multiple pseudogenes is often associated with bacterial adaptation to the host (Mira & Pushker, 2005; Mira et al., 2006) .
Whereas
LGT increases gene diversity, genome reduction acts in the opposite direction. Both phenomena seem to be concomitantly shaping the genome of H. parasuis. It has been reported by Pina-Pedrero et al. (2012) that monomeric autotransporters genes (bma) are undergoing genomic reduction in H. parasuis. Here, by showing that the TRAP transporter operon in LSP_NK3 from the Nagasaki strain was partially deleted in strains SH0165
and 29755, we provide additional evidence suggesting that genome reduction affects more regions of the H. parasuis genome.
As stated above, H. parasuis is found exclusively in swine, and the interaction with this host is expected to have a large impact on H. parasuis evolution. It has been demonstrated that secreted or surface-exposed bacterial proteins evolve at higher rates than the rest of the genome (Nogueira et al., 2012) . Here, we have provided evidence for this trend in H. parasuis genomes by showing that nsSNPs accumulate in the genes for membrane-associated proteins. Thus, these subtle changes could improve adaptation of H. parasuis to its host.
During the preparation of this paper, ten additional H. parasuis genome drafts, including one of the Nagasaki strain genome, have been deposited in GenBank (Kuehn et al., 2013) . In the study by Kuehn et al. (2013) , sequencing of the Nagasaki strain resulted in assembly of 78 contigs, making the draft genome of the present study more suitable for genome comparison. Nonetheless, it is expected that the analysis of a higher number of genomes will shed more light on the genetics of this bacterium.
Conclusion
In summary, this work confirms the hypothesis that H. parasuis is still adapting to its host, as can be observed by numerous genomic rearrangements, gene translocations, presence of mobile genetic elements and LGT events.
